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science tec-hnolog_." - " .....

The scientific papers delivered at the conference were grouped for presenta-

tion by topics and are, in effect, 1962 state-of-the-art summaries. Accordingly,

NASA has published under separate covers sixteen groups of conference

papers to make them conveniently available to those interested in specific fields.

This series (NASA SP-13 to NASA SP-28) is listed by title and price on

the back cover.

All papers presented at the conference have also been published in a two-
volume Proceedings (NASA SP-11) available from tile Superintendent of

Documents for $2.50 and $3.00_ respectively. : Those papers presented herein

originally appeared on pages 107 to 151 of Volume 1 of NASA SP-11.
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SoundingRocketasaToolforCollegeandUniversityResearch
By Eleanor C. Pressly

3_SS ELEANOR C. PriESSL¥ i,_ Head o/ the Vehicle Section, SouT_ding Rockets

Branch o/ NASA',_ Goddard _paee Flight Ce_ter. She ha,_ been with God-

daJ'd virtually since it,s' ineel)tion and t_ot(_ ha8 al_ importa_tt part in eondueting

NASA"s sound_;ng roeket programr. She holds an A.B. degree from E_',_ldne

College, and an M.A. degree from Duke University. A former mathematics

teacher, she became a n_athematic;an at the Radio Research La5orato_7/ at Ilar-

yard University. In 19_5 she joined the Naval Research Laboratory as a
mathen_,atieian and later beeame an aeronautical research engineer in the

Roeket Sonde Branch. She has been closely associated with the Navy's

Ae_vbee-Hi rocket and has followed the development o/ thi,_ vehicle to it,s

present configuration, now in u,e by NASA. 3li,s,,_ Pressly i._ a mere, her o/

the American Roeket Society.

The sounding rocket is, indeed, an extremely
useful tool for research in the space sciences.

Since the end of World War II, it has provided

the means of obtaining information about our

upper atmosphere that up to that time had been
unattainable. Under the NASA sounding

rocket program, it is used by colleges and uni-

versities for scientific investigations in the vari-

ous disciplines of geophysics and astronomy.

The program now includes more than 10 schools
in this country who are already conducting ex-

periments and there are some cooperative proj-

ects with foreign countries. I hope to show

the advantages of the sounding rocket and the

method by which a college or university may

participate in such research. Let us look at a

few examples of what is being accomplished in
the NASA program. These particular experi-

ments have been chosen in order to represent

different rocket techniques.

In the ionospheric research program, which

was dLseussed in the Geopltysics and Astronomy

session yesterday, there was a series of three

flights to measure electron temperature and

charge density as a function of altitude using

the Langmuir probe and the R.F. Resonance

Probe techniques. Thus there were two inde-

pendent means of taking the same measurements

simultaneously. Two of the flights were made

at midday and one at night in order to study

the temporal changes. Data were collected be-
tween 95 and 125 kilometers on each flight. An

artist's conception of the payload is shown in

figure 10-1. The forward payload housing was

of a clam shell desiN1 which was ejected before

the data collection altitude. This opened up

RESONANCEPROBE
SENSOR

SHELL

RESONANCEPROBE

"TELEMETRY ANTENNA

FIGURE 10--1. D-region ionosphere experiment.
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the Langnluir Probe sensor, which was mounted

inside the nose tip, and permitted tile R.F. re-
sonance probe antennas to be erected. All

three flights were successful, and immediate

post-flight results confirmed agTeement between

tile two techniques. On tile night flight both

instnlments recorded a sporadic layer 3 kilo-

meters thick, beginlfing at 102 kilometers on

both up and down legs of the trajectory.

Yesterday morning the Particles and Fields

program was discussed. Two projects in that

program are mentioned below.

During the fall of 1960 a series of 14 rockets

was flown from Fort Churchill, Manitoba, Can-

ada, to study the beams of high energy nucle-

ons, which balloon experiments had shown to

arrive at the earth following many large solar
flares. Both nuclear emulsions and counters

were used, and recovery was required for tlle

emulsions. These experiments were prepared

and held in a standby condition awaiting solar

activity. Nine flights were made during the

solar flare period 11 to 18 November. Figure
10-2 shows some of the results obtained from

an emulsion flown on November 12. In all, ten

of the nuclear emulsion packages were recov-

ered and all except one of the flights produced

good telemetered data. This project was in-

creased after the field operation began, and it

was accomplished with only nine payloads.

The payloads that were recovered can be flown

again if the need arises.

Another series of three experiments was made

to determine the altitude and intensity of elec-

tric current systems over Wallops Island, Vir-

ROCKETS

ginia, using a proton precession magnetometer.
Care was taken to make the rockets as noncon-

ducting as possible, a special fiber glass payload

housing having been designed especially for this

experiment. The 50 pound payloads were car-
ried to o00 kilometers altitude. On one of the

flights, which took place during a magnetic
storm, electric currents were found at 130 kilo-

meters altitude. On another, fired during a

magnetically quiet period, no currents were

found over Wallops Island. One of the pur-

poses of these flights was to prove out an

instrument to be used in investigation of the

equatorial ele<'trojet. This follow-on project
is now underway and will be carried out

from a firing base iu India during the spring

and summer of 1963. Usually the experimenter

wants his payload to maintain a stable, erect

attitude; in this case the experimenter com-
plained because two of the rockets remained so
stable as to make his data reduction difficult.

In the aeronomy and D-region ionosphere dis-

ciplines both of which were subjects of previ-

ous discussion during this conference there are

several synoptic experiments that are continu-

ing programs. Atmospheric winds and diffu-

sion are measured in the region of 60 to 190 kil-

ometers by the sodium vapor release technique,

with data being recorded by triangulation pho-

tography. Figure 10-3 is a photograph of the
sodium cloud as seen at one camera site. The

sodium experiment has stimulated tim interest of

scientists of a number of countries, and during

the period of November 26 through December

13 of this year the first series of international

.....

FI(tUR_ 10-2.--Solar cosmic ray experiment.
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FIGVRE 10-3.--Sodium vapor eh)ud.

firings will be undertaken. Camera stations
record the cloud produced by released sodium

vapor. As shown in figure 10-4, the cameras

are located on the ground along a circle of ra-
dius of the order of 100 kilometers from the fir-

ing site. These firings are made at twilight o1"

dawn, when the sodium trail is sunlit but the

scattered sunlight is low.

A companion to the sodium experimenL is one

that measures winds and temperatures between

_)5 and 90 kilometers by ejecting and exploding

grenades during rocket ascent. Figure 10-5 is

representative of what takes place. The time
and direction of the sound arrivals are recorded

by an array of sensitive microphones on the

ground. From these data_ winds and temper-

atures are determined in the altitude layer be-

tween each pair of grenades.

A third synoptic experiment is the measure-

ment of electron density and electron tempera-

ture in the ionosphere. Figure 10-6 shows this

type of payload. It is representative of the

payload packaging technique one uses in
research with rockets.

NASA will fly these three experiments as co-

ordinated launches from Wallops Island and

Fort Churchill. Wind data obtained by the

grenade method and the sodium method will

CHERRYPOINT

FIOURE lO--t.--Camera site locations for so(lium vapor
tests.

be compared. The ionosphere experiment will

use these wind data for comparison with the

electron density profile to look for a possible

correlation between the strong wind shears ob-

served and sporadic E. Other experiments in

this synoptic program measure atmosphereic

s¢ructure and composition.

Several groups are preparing rocket astron-

omy payloads designed for spectroscopy and

stellar and nebular photometry. These were

presented yesterday morning. Such payloads

are relatively heavy (about 200 pounds) and

peak altitude is on the order of 200 kilometers.

.... )

ii
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FIGURE 10-6.--Payhmd for electron density measure-

ment in the ionosphere.

All altitude control system has been developed

primarily for these experiments. An artist's

sketch appears in figure 10-7. This system is

capable of pointing the entire vehicle to a star

with an accuracy of -+2 ° and holding that posi-

tion to within -¼% It can, for example, point

to as many as five different distinct targets in

one flight with approximately 50 seconds of ob-

serving time at each position. A fine altitude

control system is under development; it is to

have a pointing accuracy of -+30". These

flights will also be testing the performance of

various components, both mechanical and elec-

trical, that are to be used in the Orbiting As-

tronomical Observatory.

In another experiment a mass spectrometer
was carried to 960 kilometers to detect the

presence and possibly the relative abundance of

FIGURE 10-7.--Aerobee for rocket astronomy.

helium and hydrogen ions and to measure elec-

tron temperature and ion density.

The highest altitude sounding rocket flight

to date carried a radio astronomy experiment to

measure the intensity of radio frequency energy

that originates in the halo of our galaxy. The
payload reached 1700 kilometers and had a data

collection time of more than 20 minutes. The

sensing system included a 40 foot t ip-to-tip elec-

tric dipole deployed from the payload comp'lrt-

ment after nose cone separation. The three

radiometers operated simultaneously from the

dipole antenna. From all indications this

flight was a complete success.

There are many questions in all of the scien-

tific disciplines that have not been answered.

New groups are encouraged to participate in

these investigations. NASA Iteadquarters will

be receptive to proposals for experiments to be

flo_m on sounding rockets. There are groups

within NASA who are equipped to We guid-
ance in all areas that may be new. Also, NASA

is prepared to supply all support instrumenta-

tion-that is, telemetry, power supply, perform-

ance gages, aspect gages_ calibrator, commuta-

tor, and all rocket wiring external to the ex-

periment package. NASA can supply me-

chanical hardware such as payload racks, nose

cone ejection systems, and special windows and

antenna mounts. In other words, the experi-

menter is responsible for his own scientific in-

strumentation, and everything else is provided

as government-furnished equipment. Some ex-

perimenters prefer to build the entire payload

package. In this event NASA can provide con-
sultation and advice.

NASA makes available all vehicles, perform-

ance analyses, and project coordination. In-

eluded with the vehicles are standard nose cones,

payload housing extensions and, for certain of

our vehicles, such accessory equipments as an

attitude control system, recovery packages,

special types of nose cones, and de-spin systems.

The particular characteristics and the predicted

performance data of all of the rocket systems

are available. Special performance calculations

and heating and stress analyses are made on an

individual case basis as required. Contact is

maintained between the scientific experimenter

and others who are providing support during
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the payload buildup period, and arrangements
at the firing range are made.

NASA's family of rockets ,tt the present time

includes seven vehicle systems. Figure 10-8

is representative of these vehicles. An attempt
has been made to arrive at a group with pay-

load-altitude capabilities suited to experi-

menters needs, and the same model is fired over

and over again for reliability. These seven

systems cover the altitude regime between 100

.......

NIKE--CAIUN AEROBEEi50A JAVELIN JOURNEYMAN

I_'IGURE 10-8.--Family of sounding rockets.

and 2500 kilometers. Figure 10-9 shows the

performance capability of each of these vehicles.
Calculations are for sea level htunch at the

standard firing elevation angle for each rocket.

Net payload is defined as all additions to the
basic vehicle, and it does not include the stand-

ard nose cone housing. Recovery systems have

been developed for the Nike Cajun, Nike

Apache, Aerobee 150A, and Journeyman. As

the need for other capability arises and as

proven vehicles become available to meet thai
need, such vehicles will be added. Most of these

vehicles have been used in several different

scientific disciplines.

The weight and vohune characteristics of

payloads that can be flown on rockets available

to us now are shown in figure 10-'10. Notice

that except for the 500-700 kilometer region,

the range to 2500 km is relatively well covered

by some payloads.

The time required to prepare a payload for

firing varies with the specific experiment and

the amount of NASA support equipment neces-

A TOOL FOR RESEARCH
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Fm_raE 10-9.--Sounding rocket peak altitude in terms

of payloads.

sary. The mininmm time period is about six

weeks, but such tinting presupposes that the ex-

perimenter will be responsible for the whole

payload package and that rocket vehicles and

time on the firing range are available. Formal

notification to all firing ranges is required at

least 30 days before the expected launch date.
A more normal and comfortable time interval

is six months; and for large projects geared to

specific time periods, such as the International

Quiet Solar Year, planning a year or so in ad-

vance is appropriate.

NASA's primary firing site for sounding

rockets is Wallops Island, Virginia. All of the

vehicles may t)8 fired from that range. Other

ranges from which NASA may launch certain
vehicles are : Fort Churchill, White San(ls Mis-

sile Range, Pacific Missile Range, and Atlantic

Missile Range. In addition through inter-gov-

ernment agreements, ranges are being or have

==*__=" :_ _ MAXIMUM ..... ALT]ToDE ....

' _G£WEIGHT DIAMETER USEFULVOLUME RANGE

__ ...... [CUBICFEET} [KILOM[TE:RSI

_20 - IN W I 230 - 110

_i_ : _00 12 4.8 260- 180

-::_0::: i_ _o.o 2eo- _6o

8 : 2 0.9 500- 340

_--_ 30:252_ 18.25 37 [ 1250- 68030_-_:_: 1825 4,9 2500- 1400

FIOC'nE 10-10.--Sounding rocket l_lyluad statistics.
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been set up in India, Norway, Sweden, and

Italy. At the present time these latter ranges
can accommodate the Nike boosted vehicles

only.

Let us look at the procedure one uses to obtain

NASA approval to do research by means of

sounding rockets.

If you are interested and have an experiment

you would like to conduct, you should discuss it

with NASA representatives who are working

in the same scientific discipline as your experi-

ment. They will probably suggest that you

talk with the rocket support group at Goddard

Space Flight Center as to the support avail-

able. You will be asked to prepare a proposal

for presentation to NASA Headquarters. Your

proposal should include what you hope to ac-

complish by your experiment, the method by

which you obtain your data, the time period you

will require, and the number of firings you wish
to make. It should also include a statement of

the support you will need from NASA. It is

not necessary, that you specify a particular

rocket type; however, you will probably have

determined the best rocket vehicle. Your pro-

posal will be reviewed for its scientific value

and for our ability to provide the support you

require.

After your project receives approval and the

funding arrangements have been made, we are

in a position to make detailed plans. A con-

ference that includes all groups who will be

providing support to the operation is arranged.

The areas where support is needed are deter-

mined, and a time schedule is set up. The

result of this conference is that each group will

know their responsibility and what they may

expect from each other group. A complete

interference check of the entire payload is re-

quired at Goddard before the payload is taken

to the firing site. During this period environ-

mental tests will be conducted and the payload

dynamically balanced if these are considered

necessary. The payload is mated to the rocket

at the firing site. Preparation time there

varies, depending on the number and complex-

ity of the various tests that must be run. W]_en

the rocket has been fired, all telemetry and

tracking records are provided to the

experimenter.

ROCKETS

There are many reasons why we use the

sounding rocket both as a complement to and

preparation for satellite experiments. It pro-

vides a vertical cross section of the atmosphere,

and it reaches altitudes between balloon peak

altitude and satellite perigee. It can be flown

from selected places and at selected times; thus

special events can be covered. Preparation

iime is short and the program is sufficiently flex-

il)le that discoveries can be followed up quickly.

An experiment can be flown many times on a

sounding rocket to once in a satellite. This en-

ables the scientist to modify his experiment

after a few firings and so broadens the total

amount of information obtained. Similarly it

is good for synoptic work in which the same

experiment is repeated over a period of time.

Usually one experimental group instruments

the whole scientific payload and can use the

entire flight time to best advantage, thus avoid-

ing problems of compatibility between experi-

ments. The sounding rocket is relatively in-

expensive, and the logistics of firing it are rela-

tively simple.

A considerable number of sounding rockets

have been used as proving grounds for satellite

experiments. Since one is doing basic research,

it is appropriate to use the sounding rocket as a

means of determining the best experimental ap-

proach to the satellite experiment, the areas of

greatest interest, and the proper gains to set so
that all dat,_ return from the satellite will be

meaningful.

Most of these advantages of the sounding

rocket contribute to making this program a

good training for those who are beginning to do

research using rockets and satellites.

During the several years since the beginning

of NASA, 191 sounding rockets have been

flown. Of these, 20--or 10%--have been college

or university prime experiments. Another 31

flights, 16_f of the total, have had college or

university support. During 1962 there have

been 18 flights in which colleges and universities

participated, and 17 are planned for the rest of

the year. If these flights are all made, the

college and university participation will be 43_

of the total program during 1962.
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By Robert E. Bourdeau
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SUMMARY

Results from rocket and satellite experiments desig-

nated to study the characteristics of charged particles

with thermal energies which comprise the ionosphere

are discussed. Data obtained since 1959 are compared

with ground-based observations and with spaceflight

data on the ionizing flux. Thls comparison then is

used to update models of the ionospheric D, E, and F

regions. In addition, model concepts of the upper

ionosphere up to 2000 km including the helium ion

layer and the lower protonosphere are presented. The

research areas needing the greatest attention are

outlined.

INTRODUCTION

Ionospheric physics is the study of the charac-

teristics of charged particles with thermal ener-
gies, a group which exerts the greatest influence
on the propagation of radio waves. The study
necessarily includes the causal relationships
between the charged particle characteristics, the
ionizing sources, and the ionizable constituents.

Previous to spaceflight, knowledge regarding
upper atmosphere ionization was obtained from
ionosondes, which are radar-like methods based
upon the reflection of radio waves by the ionized
regions. Early observers using this technique
were convinced that the daytime ionization was
concentrated in three separate and distinct lay-

ers which they called E, F1, and F_. This
incorrect conclusion was primarily due to the

limitation imposed upon the method by the fact
that echoes cannot be reflected from a given
altitude unless the density exceeds that found at
lower altitudes. The early results of Seddon
and Jackson, who used a rocket-borne two-fre-

quency radio propagation experiment, showed
that the ionization is not concentrated in layers

but rather is significant at all altitudes.
Because of their work, then, it is more appro-

priate to use the term "region" rather than "lay-
er" in discussing subdivisions of the ionosphere.
The work of Seddon and Jackson has been

reviewed adequately by Ratcliffe (ref. 1) and
will not be detailed here.

With the advent of the satellite age, new in-
formation has been made available for altitudes

well above those previously studied. There-
fore one can now discuss seriously the char-

acteristics of low energy particles out to the
interplanetary plasma, rather than limit the
scope to the original classical altitude region

(up to approximately 300 kin) imposed by the
limitations of the ionosonde technique. It al-

ready is appropriate to consider the upper F
region, the helium ion region, and the protono-
sphere as subdivisions of the ionosphere to be
added to the classical D, E, FI, and F'2 regions.

The principal purpose of this report is to

compare theories of formation for each iono-

7
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spheric region with existing spaceflight obser-

vations. When this is accomplished, it will be

seen that one is left with inadequacies that jus-

tifiably require continuing consideration of the

conflicting theoretical models which have been

proposed. These inadequacies also invite the

generation of new theoretical models, and are

a measure of the vast program that remains to

be accomplished, not only in the form of addi-

tional spaceflight observations but also in the

form of supporting theoretical and laboratory
research.

THE D REGION UNDER QUIET SOLAR

CONDITIONS

The lowest altitude region where a significant
number of free electrons are found lies between

50 and 85 kin. Because of the relatively high

gas densities, this D region is characterized

also by high collision frequencies between the

electrons and the neighboring neutral constit-

uents. In these collisions, electromagnetic

energy is transferred irretrievably to the neu-

tral gas so that the region acts as a strong ab-
sorber of radio waves. Measurements of D

region electron concentration are very difficult

to make with ground-based techniques. These

have, however, provided estimates for daytime

conditions of 103 electrons/cm 3 near 80

kilometers.

The most favored theory of the formation

of the daytime D region during conditions of

low solar activity is that proposed by Nicolet

and Aikin (ref. 2). The end result of their

ALTITUDEfKM] ....................................................

FIGUI:E ]l-l.--The daytime D region under quiet solar

conditions.

hypothesis is illustrated in figure 11-1 in the

form of the altitude dependence of electron (n_)

and positive ion (n+) concentrations. At al-

titudes below 70 km (dashed portion of the

curves), cosmic rays are the principal radia-

tions causing ionization and the diatomic ions

of nitrogen and oxygen probably exist in great-

est abundance. Between 70 and 85 km (broad

portion of the curves) Lyman a radiation

(1215.7X) is the dominant ionizing agent even

though it can only act on a minor constituent,

nitric oxide. In the base of the E region (85-

100 km), X-radiation is an important ioniza-
tion source with O:, and NO + believed to be the

major ionic constituents. There is a high prob-

ability that newly formed electrons can attach

to neutral particles to form negative ions only

in the lower part of the D region. The pre-

dicted negatire ion abundance is the difference

between the theoretical n_ and fl÷ curves in figure
11 1.

The model of Nicolet and Aikin was calcu-

lated.from an expansion of the following con-

ventional equation of ionization:

¢ ---- anJ, (1)

where q is an equivalent production of elec-

trons and a is an effective loss process coefficient.

The expansion includes the differing effects of

all possible ionizing sources and several loss

processes. For a single source and a single

ionizable constituent an equation of the fol-

lowing form results :

q- (2)
where a,_denotes the loss coefficient for recombi-

nation of positive molecular ions with electrons,
a_ denotes the loss coefficient for recombination

of positive with negative ions, and h is the ratio

of negative ions to electrons. The value of _. is

computed from the probability of electron loss
in lhe formation of negative ions and the effect

of solar radiation in photo-detaching electrons

from the ions. The charged particle densities

are computed from spaceflight observations of

cosmic rays and solar radiation, laborato_-

measurements of the loss processes, and an as-

sumed model of the number density of ionizable
constituents.

Principally because of the low ratio of

('harKed particle to neutral gas density, electron

densities in the D region are difficult to measure
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from a rocket, although refinements of existing

experiments should soon provide valid resMts.

Some rocket data on the positive ion character-
istics are available and these are consistent

qualitatively with the Nicolet-Aikin model.

Bourdeau, Whipple, and Clark first measured

the positive ion conductivity (_r+) with a rocket-
borne Gerdien condenser and confirmed cosmic

radiation as the ionizing agent up to 60kin (ref.

3). Positive ion densities can be estimated

from the observed conductivity according to
a+--n+e]¢+,

(3)
_qmre e is the elementary charge and k+ is the

ion mobility, whose altitude dependence is

measurable in the laboratory.

More recently, Smith (ref. 4) obtained a posi-

tive ion conductivity profile by use of a de

probe analogous in principle to the Gerdien con-
denser. The positive ion densities which he

computed from the observed conductivity are

plotted in figure 11-1. At an altitude of ap-

proximately 90 km the theory of the experiment

relevant to positive ion characteristics breaks
down. Above this altitude the same device acts

a Langmuir probe, thus permitting a measure-

ment of electron density. Converse to the posi-

tive ion determination, the Langmuir probe

theory becomes inadequate below about 85 kin.
For these reasons, the election and positive ion

density values in the region of overlap (85-90

kin) are bracketed to indicate the possibility of

second-order errors. Except for the lowest

altitude point, the shape of the experimental

charged particle density profile is similar to that
of the Nicolet-Aikin model. It favors the con-

cept of three separate ionizing sources in the 50-

100 km region. The individual accuracies of

the electron and positive ion densities are be-

lieved high enough in the 85-90 km region to

conclude that negative ions become unimportant

in the daytime ionosphere above 85 kin. The

general excess of the experimental positive ion

densities over the theoretical estimates may be

interpreted as an altitude invariant error either

in the ion mobility used for the experimental
result or in one of the assumed theoretical

parameters.

Popoff and Whitten (ref. 5) have challenged

the Nicolet-Aikin model by proposing X-rays

as the principal ionizing agents above 70 km.

Nicolet and Aikin did consider X-rays using

published data from Friedman and others.

Popoff and Whitten used a flux value, integrated

over the responsible wavelength region (2-

8_), of 10 -3 ergs/cm_-sec. Aikin (ref. 6) con-

siders this flux value either as typical of

conditions of a disturbed sun or as an upper

limit for a quiet sun during the solar maximum.

Recent data from the Orbiting Solar Observa-

tory I (W. White, private communication) and
the Ariel I satellite (ref. 7) are consistent with
Aikin's conclusions.

It is believed, but not generally accepted, that

the Lyman , flux is relatively constant with

tim solar condition and throughout a solar cycle.

The X-ray flux, on the other hand, varies by a

factor of 1000 (ref. 8). The question of the

relative influence of these mmzmg agents on

the normal daytime D region will not be re-

solved with certainty until valid charged par-

ticle density profiles of both signs are measured

simultaneously with the appropriate cosmic

ray, Lyman _, and X-ray fluxes, as well as the

number density of the ionizable constituents.

It as possible that such correlative data will
show that the two source candidates for the

70-85 km region will alternate in relative in-

fluence depending on the exact solar condition.
It is also possible that the normal D region is

extremely more complicated than that described

above. For example, Whipple (ref. 9) has

calculated ion densities from the original con-

ductivity profile and attributes a resulting large
decrease at altitudes between 70 and 80 km to

ionic diffusion to dust which may be trapped

temporarily in this region of temperature in-

version shortly after meteor showers. This
sort of loss mechanism has not been considered

in the previously described theoretical models.
When one considers that the theoretical and

experimental data presented in figure ll-1 are

not totally consistent and furthermore that they

are representative of a particular latitude, a

specific season and time of day, and a unique

p'trt of the solar cycle, it is realized quite easily

that the study of the O region has just begun.

The geographic and temporal coverage must be

extended by ,_ vast nmnber of rocket flights,

domestically and on an international scale.
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Before this can be meaningful, however_ new

experiments are needed. Valid methods of

measuring electron density below 80 km still

escape us primarily because of the low ratio of

charged to neutral particle density. There are

no existing spectrometers for measuring either

the ion or the neutral composition in this region

of relatively high pressure. For example, the

very existence of the minor constituent, nitric

oxide, which the Nicolet-Aikin theory requires

has not been verified experimentally. This lack
forces the theoretician to make unverified as-

sumptions in estimating both the production
and the loss rate of electrons. There remain

inconsistencies in the absolute values and time

variations of the ionizing radiation. As for the

loss coefficients which are measurable only in the

laboratory, we are faced with orders of magni-

tude disagreement between investigators for

some important reactions. On the theoretical

side, additional loss mechanisms, particularly

that suggested by Whipple, bear further investi-

gation.

THE D REGION UNDER DISTURBED SOLAR

CONDITIONS

During periods of high solar activity, the D

region is characterized by enhanced ionization,

with associated strong attenuation of electro-

magnetic waves causing radio blackouts. There

are many phenomena associated with solar

flares which increase the normal D region elec-

tron densities by up to two orders of magni-

tude. A comparison of the amount of enhanced
ionization for disturbed solar conditions is

made with tile quiet mm model in figure 11-2.

Simultaneously with the appearance of a

flare, radio absorption is observed in the D

region on the sunlit side of the earth for periods

lasting up to approximately one hour. This

particular event is called a Sudden Ionospheric

Disturbance (SID). Friedman, et al. (ref. 10)

made rocket flights into such an event and

observed abnormally high X-ray fluxes pene-

trating as low as 30 kin. It has been ob-

served that not only does the overall intensity

increase but also that the spectrum ill the

_.-SX region "hardens" in that the flux per unit

wavelen_h is much broader than the quiet sun

spectrum. Nicolet and Aikin (ref. o,9.) have
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FIGURE ll-2.--Comparison of the D region under quiet
and disturbed solar conditions.

used these observations to infer an electron

density profile for the SID condition (curve 2

of fig. 1i -2) in a manner similar to the develop-

ment of the quiet sun model. Here, the in-

fluence of cosmic ray and Lyman (_ radiation

becomes minor, the secondary layer in the 65-80

km region disappears, and the profile is

characterized by overall enhancement and a

monatonically increasing electron density.

A second type of ionospheric storm is asso-
ciated with active auroral and magnetic dis-

turbances and predominates at night. The

ionizing agents are believed to be energetic

particles comprising corpuscular emission from
the sun. This belief is founded on the observa-

tion that D region absorption occurs some 21

hours after the appearance of a flare, an inter-

val corresponding to the sun-earth transit time

for these particles. During the storm, D region

electron densities increase to values high

enough that echoes are observed on ionosondes.

Layers appear at 90 km during weak geomag-

netic activity and as low as 70 km for the more
active events.

A third type of disturbance occurs at auroral

latitudes. These phenomena, called Polar Cap

Absorption (PCA) events, are produced by

energetic protons emitted from the sin1 during
certain solar flares. Here echoes are ob_r_-ed

from ionosondes at altitudes as low as 60 km.

The phenomenon has been the subject of con-

siderable study during the past few years.

M'ost recently Maehlmn and O'Brien (ref. 11)

have proposed a semi-quantitative time history

10
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of the D region electron density profile during

a PCA by inserting proton fluxes observed on

the Injun satellite as the source function in an

expansion of the conventional equation of ioni-

zation. One of these profiles (curve 4 of fig.

11-2) coincides with the peak of the 27.6 mc

cosmic radio noise absorption (17 db) observed

at College, Alaska. Kane and Jackson (ref.

12) performed a rocket measurement of the D

region electron density profiles (curve 3 of fig.

11-2) during a less active phase of a PCA

event (3 db absorption at 30 mc). This com-

pares favorably in shape but is generally less

enhanced than that proposed by Maehlum and

O'Brien during an interval when the observed

radio absorption also was 3 db.

The status of our knowledge of the altitude
distribution of charged particles for the multi-

plicity of disturbed conditions is exemplified

by the fact that the dashed curves in figure 11-_

are speculative. We have some information on

the ionizing radiation. The speculation starts
with the absence of observational electron dens-

ity information during special events and nec-

essarily includes a model of the ionizable con-
stituents which have not been measured. Ad-

ditionally, a new set of loss coefficients, depend-

ing on the reaction of the ionizable constituents

with energetic particles rather than ultra_dolet

and X-ray radiation, need to be measured in the

laboratory.

THE ION CONTENT OF THE LOWER IONOSPHERE

To a high degree of probability, the predomi-

nant ionizing sources of the E and F region

for quiet solar conditions at mid-latitudes are

solar ultraviolet and X-ray radiations. If one

knows the altitude dependence of the number

of incident photons at each wavelength, of the

densities of the individual neutral constituents,

and of the absorption and photoionization cross
sections of these constituents at each wave-

length, it is possible to compute the rate at which

different ion species are formed. Few of these

parameters are known. There are available

some altitude profiles of the photon fluxes as

a function of wavelength but only for limited

latitude and temporal conditions. Results from

rocket-borne neutral gas spectrometers reported

to date are extremely controversial, principally

because recombination effects within the instru-

ments distort the gas under study from its am-

bient condition. Thus, our understanding of the

composition of tile neutral gas is somewhat spec-

ulative. Another serious problem is that some

of the absorption and photoionization cross sec-

tions are not known to an order of magultude

and others have not yet been investigated.

ne[CM _i =

FIGURE ll-3.--Productton and actual abundance of ions

in the lower ionosphere.

The most recent estimate of the altitude de-

pendence of the rate at which various ions are

produced was made by Watanabe and Hinter-

egger (ref. 13) and is illustrated in the left-hand

side of figure 11-3. They hasten to point out

that in view of the uncertainty in our knowl-

edge of the neutral atmospheric composition

and of the pertinent cross sections, the curves

are suggestive rather than quantitative. Even

if the production rates were known, the prob-

lem of explaining the detailed altitude distribu-

tion of the electron density, also illustrated in

the left-hand side of figure 11-3, is extremely

complex.
The chemical complexity of the ionosphere

can be demonstrated by comparing a rocket

measurement (ref. 14) of the actual ion abun-

dance (right-hand side of figure 11-3) with
the inferred rates of production. It is seen, for

example, that even though the diatomic nitro-

gen ions (NF) are expected to be produced in

great quantities, the spectrometer results show

that they exist as an extremely minor charged

constituent. The most likely reason is that ,_rF

ions dissociatively recombine almost as quickly

11
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as they are produced. As a second example, it
is seen that the spectrometer observations show

NO + to be one of the predominant ion species

below 200 km even though they are not formed
as a direct result: of solar radiation. The most

likely process leading to the NO • abundance is

the reaction of monatomic oxygen ions (0 _)
which are directly produced with molecular

nit rogen.

Considering only the two reactions indicated

in figure 11-3 greatly oversimplifies the mechan-

isms by which the _rious ionospheric regions

are formed. There are many reactions that

need to be studied in the laboratory, including

ion-atom interchange, charge exchange and dis-

sociative recombination, to name a few.

Exhaustive lists of the important reactions have

been prepared (ref. 15) but there is no assur-

ance that any of these lists are complete.

It is important to emphasize the need for a

long range program of simultaneous vertical-

sounding rocket observations of the solar radia-

tion, neutral gas parameters, and charged

particle characteristics. It is just as important

to underline the need for supporting theoretical

and laboratory research. When such a long

range program has led us to universally
accepted sol.utions for the continuity equation,
it should 1)e possible to l)redict the state of the

ionosphere below an orbiting observatory which

monitors only ionizing radiations.

THE DIURNAL VARIATION OF THE E REGION

The altitude region arbitrarily assigned to
the E region lies between 85 and 140 kin. Most

textbooks favor a theory of E region formation

based on general ionization of air by soft

X-rays, yet IIintere_er and Watanabe (ref.

16) have recently disputed this hypothesis on
the basis of more refined measurements of the
solar ultraviolet radiation. The rocket, ion

spectrometer work of Johnson, Meadows, and

Holmes (ref. 17) first showed that the major

ionic constituents are 0: _ and NO +. The pio-
neering effort of Seddon and Jackson with a

rocket-borne radio-propagation experiment

showed that tim electron density in the daytime
behave with altitude in a manner similar to

that illustrated in figure 1I-4. The m'ljor dis-
covery of this work was that, in terms of the

ele_.tron density distribution, the F region is a

continuation of the E region. Considering the

daytime electron density profile shown in fig-

ure 11-4, we can see that a ground-based lone-

sonde would show reflections only up to an
altitude of about 105 km and |hus is unable to

define the electron density distribution between

that altitude and the base of the F region.
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FI_t:RE ll-4.--Diurnal variation of the E region.

It is important to pause here and dissolve a

popular misconception that spaceflight experi-

ments are difficult to conceive and implement.
The experimental method used to obtain the

sets of data illustrated in figure 11-4 consisted

of telemetering the current to the nose tip of a

rocket as a function of a variable potential
applied between that electrode and the main

rocket body. In obtaining the end result, it is

a more challenging task to apply kinetic theory

and derive the desired charged particle param-

eler from the measured current than to imple-
ment the experiment.

Until very recently, there have been no

observations of nighttime E region ionization

because neither the ground-based ionosonde nor

the rocket-borne propagation experiments are
sensitive enough. All the rocket data illus-

trated in figure 11-4 were ol)tained t>y use of a

de probe (ref. 4 and 18).

Two nighttime electron density profiles are

illustrated in figure 11-4, one obtained in the

early evening hours and the other close to local

sunrise. The general decay in the average elec-

tron density of about two orders of magnitude

from the daytime condition is what would be

1,2
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expected from a limited knowledge of the
recombination coefficients. Both of these pro-

files show deep valleys of ionization above 110
km. The resulting ledge of ionization at alti-
tudes of about 100-110 km are suggestive of a
nighttime source of ionization. These valleys
have been observed also by Japanese investiga-
tors (ref. 19), who used a rocket-borne radio-

frequency oscillator based on the principle that
a unique resonance is observed at the plasma
frequency.

One anomaly which is observed quite fre-
quently in both the daytime and nighttime E
region is the sporadic-E layer. These are
shown as dashed perturbations on the two

nighttime profiles in figalre 11--4. Rocket ex-
periments have defined this condition, which to
an ionosonde constitutes reflection at a constant

virtual height, as enhanced ionization confined
to a narrow altitude region of less than one kilo-
meter. Consequently,_tle term "layer" is appro-

priate in defining this anomaly. There perhaps
are many mechanisms producing sporadic-E.
One of the likely causes is mechanical redistri-
bution of the electrons from the regions above
and below induced by wind shear. An
extremely interesting exercise soon to take place
will consist of the simultaneous launchings of
two rockets, one instrumented for ionospheric
studies and the other to measure the wind vec-

tor by the sodium release method. Should the

sporadic-E layer and a pronounced wind shear

coincide precisely in altitude at the same time,

this hypothesis will have been demonstrated at

]east from an empirical point of view.

THE FORMATION OF THE F2 PEAK

The altitude region generally assigned to the

lower F region lies between 140 and about 300

km. As illustrated in figure 11-3, there is an
inflection point at about 140 km in the other-

wise monotonically increasing electron density.
For this reason the F1 and F9 subdivisions have

been invoked. As a result of ground-based ion-

osonde investigations, it has long been estab-

lished that the maximum electron density

occurs at about 300 km. Until the satellite age,
the region above this altitude was open to
speculation.

The most favored theory of the formation of
the F2 peak is illustrated by comparing a meas-
ured altitude dependence of electron density

(ref. 20) with the rate of electron production
inferred by a Watanabe and Hinteregger. This
comparison is shown in figure 11-5. It is

F'IOURE lI-5.--The formation of the F region.

obvious immediately that the altitude of maxi-
mum electron density lies considerably above
that at which the production rate is highest.
This perhaps is best explained by considering
the following simplified form of the continuity
equation: COlTesponding to quasi-equilibrium.

q= _Sn,-_d(n.WD) (4)
dz J

where q is the production rate. The first

term on the right-hand side is representative of

an attachment-like loss mechanism, whereas the

second term defines change in electron density

by a diffusion process. In the region up to the

F2 peak the loss by an attachment-like proc-

ess predominates. Because this loss rate de-

creases more rapidly with altitude than does the

production rate, the electron concentration in-

creases up to its maximum value. At the F2

peak the diffusion term begins to predominate
and the electron density begins to decrease. The

diffusion mechanism is caused by gravitational

forces acting upon the ions which, by coulomb

attraction, cau_ the electrons to diffuse down-

ward. At altitudes of about 400 km and above,

both the production and loss processes become

minor factors. As a result of diffusion, the

672058 0-63--3
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electron density distribution in this region cor-

responds to hydrostatic distribution as follows:

d(ln n,) m+g
dz _k(T.T TO' (5)

where m* is the ionic mass, te and t/ the elec-

tron and ion temperature respectively z is the

altitude, g the acceleration of gravity, and t_ is
Boltzmann's constant.

It should be en-_phasizetl that what has been

presented is a favored theory for the formation

of the F:?,) peak which is not univergally ac-

cepted. Some investigators haw propo_d

models without resorting to the diffusion pro-

cess, by invoking loss mechanisms associated
with minor ionic constituents. Such trace con-

stituents have been observed on spaeeerafts

carrying ion spectrometers. The exact solution

of the continuity equation for the region near

the F2 peak has been the subject of considerable

investigation and yet is not resolved satisfac-

torily. Furthermore, all theoretical models in-

set't: only solar ultraviolet flux into the produc-

tion function. Yet, as a result of satellites

designed to study the Van Allen belts, large

fluxes of quasi-energetic particles which could
provide an additional ionization source have

been observed at some geographic locations in

the upper ionosphere.

THE HELIUM ION LAYER AND THE BASE OF THE

PROTONOSPHERE

As shown in Equation 5, the electron den-

sity at. altitudes of about 400 km and above is

governed by the ionic composition and the

atmosphere temperature. Rocket-borne spec-

trometer data, typically represented in figure

I I-3, showed that 0+ ions begin to predominate
at an altitude of about .o00 kin. It was later

established by the Sputnik III (ref. 21) and

Explorer VIII satellites (ref. 22) that this par-

tieular constituent was dominant up to 1000 km

for a daytime ionosphere during the middle of

the solar cycle. It generally was hypothesized

that a direct transition from oxygen to hydro-

gen ions would take place just about 1000 km

until Nicolet (ref. 28) suggested that helium is

an important neutral constituent of the upper

atmosphere. He based this suggestion on ob-

set_-ations of drag on the Echo I satellite.

There is now direct and indirect evidence that

ionized helium plays an important role in con-

trolling the electron density in the upper

ionosphere.
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FIGURE ll-6.--Direct detection of helium ions from the

Explorer VIII Satellite.

The first direct evidence was provided by a

retarding potential experiment flown on the

Explorer VIII satellite (ref. 24). This ex-

perinaent is illustrated schematically in figure

11-6 together with the experimental observa-
tions. The sensor consists of three electrodes

concentrically arranged in planar geometry.

As a result of the negative bias applied to the

inner _'id, the collector reports to the telemetry

system only that current which is due to posi-

tive ions flowing from the medium under study

into the sensor. Because the satellite velocity

exceeds the thermal velocity of the ions, their

kinetic energy relative to the spacecraft is gov-

erned by their mass (M.) and the known satel-

lite velocity (Vs). This kinetic energy can be

related to the potential energy, due to a known

retarding potential (,I,c) applied to the collec-

tor, by

M+ V_
2 =_b,e. (6)

Because the thermal velocity of the ions can-

not be neglected completely, the instrument

functions as a "poor man's ion spectrometer"
in that the ion resolution is coarse.

The interpretation of the experimental volt-

ampere curves from the Explorer VIII satel-

lite is summarized in the left-hand side figure

11-6. The predominant constituent can be

14



SPACE FLIGHT STUDIES OF THE IONOSPHERE

identified either from the potential required to

retard half of the ions or from t)m shape of the

curve, in accordance with the theoretical work

of Whipple (ref. 9.5). For daytime conditions

during the active life of the satellite (Novem-

ber, 1960), it was observed that O* ions pre-

dominated up to 1200 km but that helium ions

were most abundant from 1"200 km up to maxi-

mum observational altitude (1600 km). The

average daytime electron temperature observed

on Explorer VIII during this interval was

1800°K (ref. 26).

The first indirect evidence for a helium ion

layer was reported by Hanson (ref. 27) using

an ion density profile obtained by Hale (ref.

28). From the same data Hanson also reported

the detection of the base of the protonosphere at

an altitude of 3400 kin. The atmospheric tem-

perature deduced from the scale height of the

electron-ion gas was 1600°K. Hanson also

suggested that the thickness of the helium ion

layer should be relatively invariant with

diurnal time. On the other hand, Bauer (ref.

_9) theoretically demonstrated that there is a
diurnal variation.
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FZGURF, ll-7.--Indirect detection of helium ions from

vertically launched Scout rocket,

The indirect method of determining the ionic

composition is illustrated in figure 11-7. The

solid and dashed lines are theoretical predic-

tions of the electron density distribution.

They were computed by an expansion of Equa-
tion 5 which included more than one ionic

constituent, and with the assumption that the

atmospheric temperature is constant with alti-

tude. The circles represent electron densities

obtained experimentally by Bauer and Jackson

(ref. 30) using a radio-l)rol)agation technique.

The right-hand ordinate is true altitude and
the left-hand ordinate is a reduced altitude

scale which takes into account the change in the

acceleration due to gravity. It is seen that the

experimental data are consistent with a theo-

retical curve for a binary mixture of oxygen
and helium.
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FIGURE ll-8.--Ion Lransttion altitude as a function of

atmospheric temperature,

Most observational data on the ionic composi-

tion support Bauer's suggestion of a strong
dependence of the thickness of the helium ion

layer on the atmospheric temperature, particu-

1,'trly his most recent, theoretical model (ref.

31). This predicted thickness as a function of

the atmosl)heric temperature is given by the

separation of the solid lines in figure 11-8. The

circles represent experimental observations of

the altitude at which the helium and oxygen
ions exist in equal concentrations. Tile squares,

also experimental, are the altitudes at which the

helium and hydrogen ions have the same hum-
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ber densities. The data sets 1, '2, and 3 were dis-

cussed above. A significant contribution has

resulted from the Ariel I satellite (ref. 3_9).

The experimental approach used on Ariel I is a

much improved version of the retarding poten-

tial experiment. During the time of these ob-

servati.ons (May, 1962), helium was detected

as low as 600 km for ,_ nighttime condition and

at about 900 km during the daytime. For the

latter condition, protons were not observed up

to the apogee altitude (1200 km). However,

they were detected at this altitude during night-

time passages. The last set of observations are

by Donley (to be published) who used the direct
and indirect methods simultaneously on a Scout

rocket launched into the nighttime ionosphere.

The ionic composition of the upper ionosphere
could be more variable than indicated by figure

11-8. It should be recog'nized that the obser-

vational data was obtained only at low latitudes.

Secondly, some rocket flights have been made at

night into this region where the detection of
helium ions has not been reported (ref. 33).

This could either be due to a larger temperature

dependence than indicated in figure 11-8 or to

experimental inadequacies. A wider latitudi-

nal coverage is required. More importantly,

the altitude region above 4000 km has yet to be

explored for thermally charged particles by

spaceflight experiments. The altitude region

up to 10,000 km is being investigated by ground-

based radar backscatter apparatus (ref. 34).

IONOSPHERIC TEMPERATURES

The temperature of the neutral gas (T) has

been t!_e subject of considerable study. It is

generally accepted that this temperature be-

comes quite independent of altitude above 300

kin. It will be the purpose of this section to

compare obsmwations of charged particle tent-

peratures with reference neutral atmospheres to

introduce additional questions in the ah'eady

conflicting theories of heat..rod ionization

sources in the upper atmosphere. This can best

be accomplished by limiting the discussion to
altitudes above 450 km where the electron

temperature (7',) is nearly equivalent to that

of the neutral ,,'as, (ref. 35), although this is

not universally accepted.

Two types of observations are available.

The first method involves the use of Langnmir

probes to measure Te directly. The second

method is indirect. Referring to Fignre 11-5,

we see that if the ionic composition is known

and if one has an accurately measured charged-

particle profile it is pdssible to compute the sum

of the electron and ion temperatures. This sum

is related to the neutral gas temperature by"

T: (T_+ T,)/9.
It is known that in the isothermal altitu:te

region the neutral gas temperature varies con-

siderably with diurnal time and the solar cycle.
This variation can be correlated with solar deci-

meter flux which is observed at the earth and

which serves as an index of solar activity.

Neutral gas temperatures have been estimated
from observations of satellite drag. It should

be noted, however, that it is the atmospheric

density, not temperature, which is directly ob-

tained from satellite drag. The temperature is

computed from the observed density and an

assumed neutral gas composition. As em-

phasized previously', the latter parameter repre-

sents a major observational gap. It would be

expected t]mt if the absorption of solar ultra-

violet radiation were the only heating acting on

the atmosphere, then the maximuna temperature

on a given day would occur near sunset. What
is observed is that the maximum density occurs

in mid-afternoon. Some investigators imply

that the time of maximum density corresponds

to the time of maxinmm temperature and then

reason that because of the phase shift from

sunset to mid-afternoon an additional heat

source must be introduced. This same hypoth-

esis is used to explain observed seasonal varia-

tions of atmospheric density. One heat source

that has been suggested (ref. 36 and 37) is

corpuscular radiation associated with the solar

wind which should not be latitudinally depend-

ent. The charged particle temperature obser-

vations are not completely consistent with these

reference atmospheres. It is not known with

certainty whether this is hecause of a lack of

temperature equilibrium or of inadequacies

either in the neutral gas models or the charged

part i('le temperature measurements.

Langmuir probes flown on the Exph)rer VIII

satellite showed a diurnal variation of the elec-

tron temperature from 1000°K at night up to
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1800°K during the day, at a time when the solar

decimeter flux index was 150 (ref. 26). These

measurements were not highly accurate (ref.

38). Furthermore, the lack of a tape recoMer

prevented the establishment of an exact diurnal

variation and any observation of latitude de-

pendence. More complete data are available

now from the Langmuir probe experiment used

on the Ariel I satellite which did contain a tape

recorder. The results of Willmore, eta]. (ref.

32) are reproduced as dashed lines in figure

11-9. Plotted are three curves of temperature

| !
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The Ariel I observations correspond to a solar

decimeter fluz index of 100. The neutral gas

model of Harris and Priester (ref. 36) for this

level of solar activity is plotted in figure 11-9

for comparison with the Ariel I data. As

Harris and Priester point out, the nature of

satellite drag observations is such that the

model is applicable only to low latitudes. Their

entire temperature curve was multiplied by 1.3

to achieve agreement with the nighttime values

at the lowest latitude of the electron tempera-

ture data. Rather good agreement would be
achieved with the low latitude electron tem-

perature curve if the atmospheric composition

at high altitudes was assumed to vary with

temperature in a fashion corresponding to that

illustrated for ions in figure 11-8, rather than

according to the variation which was used by
Harris and Priester.

FIGURE 11-9.--Diurnal and latitudinal variation of ex-

ospheric temperature.

as a function of local time, each curve corre-

sponding to a different latitude region. There
are three important observations to be made

from these data. First, there is a pronounced

sunrise-effect which most probably represents a

distinct departure from temperature equilib-

rium. As the sun rises, the electrons tempera-

ture would be expected to rise considerably

above the neutral gas temperature. As a con-

sequence, the sunrise effect should be ignored in

the comparison with reference atmospheres.

The second important observation is that

there is no pronounced peak in the mid-after-

noon. On the assumption of temperature

equilibrium during this part of the day, this
would be inconsistent with the inferred diurnal

temperature variation contained in reference

atmospheres. As Willmore, et al. point out, the

most important observation is the pronounced

latitude effect, which they ascribe to energetic

particle bombardment in the auroral region.

FZOUaE ll-10.--Diurnal variation of exospheric tem-

perature at mid-latitudes.

To give further confidence to the Ariel I elec-

tron temperature results, data taken from the

curve corresponding to latitudes between _0

and 40 degrees are compared, in figure 11-10,

with previous observations at these latitudes.

The comparison necessitated normalizing all

data to a given solar condition. This was ac-

complished by using the temporal variation

suggested by Harris and Priester. It is seen

that for the most part there is approximate

agreement between the Ariel I and Explorer

%TIII electron telnperature values and between

these electron temperatures and values of

(T,+T_)/2 obtained by the indirect method.
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Furthermore, there also is approximate agree-

ment between the charged particle temperature

and values of the neutral gas measured by Bla-

mont by the sodium release method (ref. 39 and

40). These all are suggestive of electron tem-

peratures being approximately equal to the neu-

tral gas temperature at altitudes above 450 km

except during the sunrise period. However,

the suggestion of temperature equilibrium im-

plied by this comparison is based on the assump-

tion that the normalization procedure for solar

activity is correct.

It is important to note that the amplitude of

the diurnal variation corresponding to directly

measured temperatures is larger than that of

the model atmosphere which is based primarily

on satellite drag. The most likely reason is that

the model atmosphere applies only to the near-

equatorial region and thus the difference is lati-
tudinal in nature. This is the same conclusion

reached by the Ariel I investigators. It is also

possible that Te/T, is latitude dependent.

If there is a latitudinal variation of T, the
hypothesis of corpuscular radiation associated
with the solar wind as a second source of heat-

ing becomes subject to doubt. A likely second

source is auroral bombardment by energetic

particles, as suggested by Willmore, et al. If

this is so, a continuous ionization source at high
latitudes, in addition to the solar ultraviolet

and X-ray radiations, is also likely. The possi-

bility of additional ionizing sources even for

quiet solar conditions should expand an already

large program of spaceflight observations,

theoretical research, and laboratory investiga-
tions.
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INTRODUCTION

Throughout the universe physical processes

occur which result in the formation, ionizatioIt,
and acceleration of matter. The motion of

these charged particles results in the formation
of magnetic and electric fields. The further

interaction of these moving particles with other

magnetic and electric fields results in their fur-

ther acceleration. As a result, there exists a

whole continuum of charged particles having
energies from thermal to at least 10 _ electron

volts , and nuclear structures from that of hydro-
gen (single protons) to that of heavier mate-

rials (at least iron). And throughout regions

as large as whole galaxies, there exist complex

magnetic and electric fields. Until the coming

of high altitude balloons and rockets, and the

earth satellites and interplanetary probes, we

were restricted to the study of the particles and

fields which reached the earth through its

modifying atmosphere and strong magnetic

field, and to the study of secondary processes

occurring far from the earth which produced

672058 0-63--4

radiations capable of reaching the earth. Two

examples of such indirect observations are: (1)

the study of the magnetic field fluctuations at
the surface of' the earth to deduce the existence

of large electric currents (ring currents) in the

high atmosphere ; (2) the observations of radio

signals which presumably are produced by

synchrotron radiatiort of electrons contained in

a Jovian high intensity radiation belt.

The new instruments of the space age allow

us to conduct experiments wit]fin and outside

the earth's modifying atmosphere and magneto-

sphere to learn more about these interesting

phenomena.

This paper will summarize briefly our present

state of understanding of the energetic charged

particle populations in space and the character-

istics of the magnetic fields which interact with

them. For convenience, we shall begin with a

discussion of the galactic cosmic rays, which are

the largest scale phenomenon, and then proceed

to solar cosmic rays, solar plasma, and the

earth's geomagnetical]y trapped radiation
which forms the Van Allen radiation belts.
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GALACTIC COSMIC RAYS

Galactic cosmic rays are those p.u'tieles which
are accelerated outside our solar system and ,ar-
rive with kinetic energies greater than about 10

Mev per nucleon. Cosmic rays having energies
as high as about 10TM electron volts have been
detected. It seems di/l_cult to imagine that

these very high energy particles could be pro-
duced wilhin our own galaxy, since their radius
of curvature in the galaxy's magnetic fiehl

(which cannot be much stronger on the average
than about 10.5 gauss) is of the order of the
dimensions of the galaxy itself. Thus, it is
presently believed that they arrive from other
galaxies. Lower ener_ _ galactic cosmic rays
certainly must originate from within our own
galaxy. It is probable that at least some of
them are produced initi_dly by localized erup-
tions on the turbulent surfaces of stars, similar
to those which produce the solar cosmic rays

which we will discuss later. It is also probable
that supernovae may be an important source.

These particles are then accelerated. Parker
(ref. 1) has shown that within the framework
of the present understanding of plasma dynam-

ics, all particle acceleration mechanisms occur-
ring outside of the laboratory are reducible to
the Fermi mechanism (ref. 2, 3, 4) which is
based on random particle collision with mag-

_etic inhomogeneities. Insofar as comparisons
can be made, the experimental results seem con-
sistent with this Fermi type acceleration
mechanism.

The features of the "galactic cosmic rays
which are most amenable to investigation are

the energy and charge spectra, and the modula-
lion of their characteristics with time. The

study of the directional characteristics to as-

certain their sources is not very fruitful be-
cause the directions of motion of the particles
'Ire changed by the very complex magnetic

fields through which they pass, so that the flux
is very nearly isotropic.

Charge Spectrum

The composition (or charge spectrum) of the
primary cosmic radiation striking the top of the
earth's atmosphere is reasonably well known at
the present time (ref. 5_ 6, 7). Briefly, 85%
of the particles are hydrogen, 1'2% are helium,

approximately 1% are in the carbon, nitrogen,
and oxygen group, about 0.25% are in the lith-
ium, beryllium and boron group, and 0.25%
are neon and heavier. In this heavier group,
nuclei of all charges up to and including iron
(Z='26) have been identified. High energy
electrons constitute I to 3% of the total flux
(ref. S, 9). Whether these electrons are of

galactic or solar origin is not fully understood
at the present time.

A detailed summary of the charge spectrum
is given in table lO_-I. There are two features
of this dmrge spectrum which should be men-
tioned. First, the flux of lithium, beryllium,
and boron is surprisingly high if we assume that
these elements are extremely rare in the source
region, as the table of stellar abundance would
have us believe. These nuclei must be produced

by fragmentation of heavier nuclei colliding
with interstellar hydrogen nuclei. This, then,
gives a measure of the average distance tra-

versed by the galactic cosmic radiation before

striking the earth. If we use presently avail-

able fragmentation parameters (ref. 7), this

corresponds to a value of 4 gins/era _ or im-

plies an average age of the particles of the order

TABLE 12-1.--Relative Abundances of Multiply Charged Nuclei

*Galactic Cosmic Rays ...................

tSun ...................................

*Solar Cosmic Rays .....................

He

360

?

1250

Li, Be, B

11

<0.01

0.3

C

18

6

6

I

]1_<Z_<18

9

1

1.3

*The uncertainty in the values in this line varies from I0 percent to 30 percent.
_The uncertainty In the values in t[nls line _re o[ the order of a factor of 2,
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of 10 7 years. The other interesting feature is

tile large flux of carbon, nitrogen, and Z> I0.

The observed vahles are 10 times greater than

that expected from the known stellar abun-

dauces. At the present time, this is not under-

stood but can perhaps be explained in terms of

supernovae origin (ref. 10).

Energy Spectrum

In tile high ener_o T region (E>3 Bev) it

has been observed that all charged components

have enerKy spectra of the form

Kz
J(E) =_,

where J(E) is the flux in particles/(m:-sec-sr)

with kinetic energy >E, _ is a constant inde-

pendent of Z, and K(z) is a function of Z.

J(E)>0.5 Bev) is typically 1800 pai_cicles/

(m2-sec-sr) at solar maximum.

In the region 0.3-5 Bey it is observed that all

charge components appear to display similar

spectral forms when expressed in terms of rig-
idity (R _ p/Z) where p is the momentum and

Z is the charge of the particle. The differential

energy spectrum shown in figure 12-1 displays a

maximum in the region of 400 Mev per nucleon

and extends down to at least 90 Mev per nu-

cleon. In the region 90 to 200 Mev per nucleon

Meyer and Vogt have found large increases,

which they believe are due to solar cosmic rays

(ref. 11). Data from Explorer XII do not show

FIGURF 12-1.--Cosmic ray differential energy sl)e('trum

(ref. 11).

this increase; further work will be necessary be-

fore this disagreement can be explained.

Modulation of the Galactic Cosmic Radiation

It appears reasonable to assume that the flux

of cosmic rays incident on the solar system is

constant. However, in the vicinity of the earth

large modulations are observed which appear to

be controlled by solar activity. The two most

important types of modulation appear to be the

11 year variation and the Forbush or storm-

type decrease. It was first noted by Forbush

that the cosmic ray intensity varied inversely

with solar activity over an 11 year cycle (reL

12). Also, Forbush first observed the rapid

world-wide decreases in cosmic ray intensity

which are associated with some maguetic storms

(ref. 12), generally following large type 3+

solar flares. At present the best evidence indi-
cates that the modulations are heliocentric and

controlled by solar activity. The effects on cos-

mic rays can be summarized as follows (ref. 14) :

(1) The proton and alpha particles (hydro-

gen and helium nuclei) (R>I.0 BV) similar

forms of differential rigidity spectrum at solar

minimum, and maintain the _me relative form

of rigidity spectrum throughout the solar cycle.

(2) The total intensity is smaller by a factor

of 2 at solar maximum than at solar minimum,

and the lower energy particles are modulated

most. Iq:owever, the low energy component is
never completely removed.

(3) At low energiesthe form of the spectrum

change appears to be the same for the 11 year

cycle as for the Forbush decreases which have

been observed.

The modulation effectsare interpretedas be-

ing due to large scale variations of the solar

maguetic field. Increases of the ma_etic field

strength near the earth result in the deflection

of the lower energ'y particles before they pene-

trate this field to the position of the earth. This

field arises from two sources. A relatively

steady magnetic field is the result of the stream-

ing of solar plasma from the sun, and is of the

order of 5 to 10 gammas at the earth's orbit,

where one gamma equals 10 -5 gauss. Varia-

tions in this field result in the 11 year cycle.

The Forbusb, or storm decreases are caused by
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FIGURE 12-2.--Sun-earth phenomena.

somewhat more localized fields generated as a

result of large solar flares.

SOLAR COSMIC RAYS

Tile surface of the sun boils in an active man-

her as the result of the continuous production

of enerp.o" inside the sun. At times the surface

becomes unusually turbulent and ejects clouds

of charged particles and streams of radio, vis-

ual, x-ray, and gamma ray radiation into the

space sm'rounding the sun (fig. 19-2). The_

solar eruptions are known as fares and the

charged particles are known as solar cosmic

ray,q,

When the flare is situated in the right position

on the sun's snrface, the clouds of particles are

ejected in su¢'h a (lire¢'lion that they reach the

earth and interact with its atmosi)here. There

they produce magnetic storms, radio blackouts,

auroral displays, and other phenomena.

The streams of solar cosmic rays containing

a large high energ3" content can be detected by
sea level ion chambers and neutron monitors

(ref. 15, 16). The development of the rio-

meter (ref. 17) in 1957 provided an instru-
ment which is sensitive to the effects of small

fluxes (10 particles/(em2-sec-sr)) of incoming

particles in the low energy region (10 to 100

Mev). There were at least a dozen events per

year during the last solar maximum which were

detectable by riometers (ref. 18).
The most detailed information about these

solar cosmic rays has come from particle de-

tectors flown on balloons, rockets, and space-

craft (ref. 19, 20, .Ol). Enough data have lx,en

obtained to give an indication of the sequence
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FIGURE 12-3.--Idealized solar proton event configura-

tion, showing the solar proton cloud, the drawn-out

field, and the effect on galactic cosmic rays.

of events occurring during these disturbances.

YVhen a solar flare occurs, a tongue of charged

particles erupts from the sun's surface at a speed

of from 1000 to '2.000 kilometers per second (fig.

12-3). It takes about a day for this cloud to

reach the earth. The charged particles drag

along the lines of the solar magnetic field which
become frozen into the cloud and forced to move

with it according to Maxwell's laws. As the

force lines become distended in this manner they

lose their strength. However, the field is still

strong enough at the distance of the earth to

cause a partial screening of the galactic cosmic

rays resulting in the Forbush decreases dis-

cussed earlier. Solar cosmic rays continue to

arrive at the earth for several days after the in-

itial encounter, presumably because of the

storage of particles in this magnetic field.

The particle cloud advances outward from

the sun at such a high speed that it must be pro-

ceeded by a shock wave. This shockfront may
be the reason for the sudden-commencement

characteristic of many magnetic storms.
Parker (ref. 22) believes that this shock, re-

sulting in a linked and stren_hened ma_mtic

field behind the advancing front, is the most

important part of the solar storm process. The

advancing shock wave and particles result in

the geophysical phenomena mentioned earlier.

One of the most striking features of these

solar cosmic ray events has been the variation

from one event to another. In some events, the

flux of protons above 9,0 Mev has exceeded 103

particles/(cm2-sec-sr) for more than a day (ref.

20, '23, '24) and the total energy arriving at the

top of the atmosphere of the earth for the whole

event has been 10' ergs/(cm*-sr), about the same

order of magnitude as that for cosmic rays for

year. On the other hand, events which are
more than a hundred times smaller than this

have been seen (ref. 25, 9.6), and even smaller

ones probably occur frequently and are not de-

tected. The energy spectra also shows marked
differences from one event to another. For ex-

ample, at comparable times in the November

12, 1960, and the July 12, 1961, events (ref. 9.4,

97) the integral fluxes above 10 Mev were nearly

the same, but above 100 Merv they differed by
more than a factor of 300. In some events, the

maximum low energT intensity occurred as

early as two hours after the flare; whereas in

others, it occurred as late as thirty or forty
hours after the flare. In order to show some

of the general characteristics of these events,

the time variations of the integral fluxes above

•20, 100, and 500 Mev are shown for three large

events (ref..28) in figure 19,-4.

On the basis of the detailed study of these

three events, there seems to be good evidence
that the relative abundances of all elements

having charges greater than one but less than

about sixteen are nearly independent of energy.

they are shown in table 19.-I, along with the

natural relative abundances existing in the sun,

cleduced from spectroscopic evidence for those
elements. It is seen that the two sets of num-
bers are the same within uncertainties. Al-

though the helium abundance in the sun cannot

be determined by spectroscopic means, the rel-

ative abundance given in table 12-I for helium

in solar cosmic rays is within the rather wide

limits set by theoretical models of the sun.

The proton component has been observed to

have a very different ener_-W spectrum from the

other components, probably because of its dif-

ferent charge to mass ratio. This has the effect

that the relative abundance of the proton com-

poneut is a function of velocity. For example,

in one event the proton to helium ratio varied

from about twenty at 40 Mev/nucleon to about

three hundred at 1'20 Mev/nucleon.

It can be seen from table 1:2-I that the rela-
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FI(}URE 12--4. Time variation of the integral flux above

20, 100, and 500 Mev for three solar events (ref. 2_).

tive nuclear abundances in the galactic and so-

lar cosmic rays are significantly different. The

difference is primarily a result of the fact that

the galactic cosmic rays have passed through

several grams per square centimeter of material

where fragmentation processes have increased
the relative numbers of the heavier nuclei.

THE SOLAR PLASMA

In addition to the solar cosmic rays produced

by large solar flares, a large number of very low

energy charged particles are continuously given

off by the sun. This stream of particles is often

referred to as the solar wind. Gringauz, et al.
(ref. "29), and Bridge, et al. (ref. 30) indicate

that on quiet days during which there are no

major solar flares, the velocity of the solar wind

is of the order of 300 to 500 kilometers per sec-

ond, with a density of about 10 protons per cu-
bic centimeter at the orbit of the earth. It is

beieved that the particle density varies with

solar activity, and that the mag'netic field ac-

FZGVRE 12-5.--The geomagnetic fielil and the cavity

boundary configuration when acted upon by the solar
wind (Ness).

companying the particles modulates the arrival

of charged particles from outside the solar sys-
tem as discussed earlier. Another effect of the

solar plasma is to distort the shape of the geo-
magnetic cavity within which the earth is lo-

cated. This boundary is a rather sharply

defined surface separating the region within

which the earth's magnetic field exerts primary

control over the particle motion (the magneto-

sphere) from the interplanetary region. This

region would be in the shape of a sphere cen-
tered at the earth in the .absence of external

particle motion or fields. But the solar plasma

causes the magnetosphere to be compressed on

the sunward side of the earth and extended away

from the sun as shown in fig_lre 12-5. The flow

of the high speed plasma also creates a shock

wave ahead of this magnetosphere boundary.

Thus, there are three regions which must be

studied, the interplanetary region, the region

between the shock wave and boundary of the
magnetosphere, and the magnetosphere itself.

The presently available direct measurements of

the quiet solar plasma have all been obtained

from only three spacecraft, Lunik II, Explorer

X, and Mariner II. Many of the very inter-

esting questions about this phenomenon will
have to await further data.

VAN ALLEN BELTS

The Van Allen Belt radiation consists of par-

ticles trapped in the earth's mag]mtosphere.
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These charged particles spiral back and forth

along tile lines of force of the earth's magnetic
field. Present evidence iJidimltes that these

particles are predolninamly, and perhal)s essen-

tially exclusively, protons and electrons. Tile

intensity and energy spectra of these particles

vary greatly with the position in the trapped

region and with the angle between the particle
motion and the magnetic field line at any given

point. Further, at least at large distances from

the earth (several earth radii), rather large

fluctuations of intensity with time are observed.

For these reasons, a complex description of the

particle properties would have to be long and

detailed, and, in many respects, the picture

would have to remain incomplete because of

the lack of data. Therefore, only the more fun-
damental known characteristics will be reviewed

here.

Protons

Several satellite experiments (ref. 31, 3'2, 33,

34, 35), inchding the original work of Van Al-

len and co-workers, have shown that the protons

with energies greater than about 30 Mev are

contained in a roughly doughnut-shaped region
centered over the geomagnetic equator and ex-

tending from approximately 500 kilometers
above the earth to about 6000 kilometers. The

approximate configuration of the belt is shown

in figure 1'2-6 fief. 36). The maximum total

intensity of protons having energies _o'reater

than 30 Mev approaches approximately 2x 10'_/

(cm2-sec-sr) in the heart of this region. De-

..........

1_7 1o c_2 SEC1
- K',

PROTONS O,I < Ep < 5 MEV
C# 2 SE_1_._ _ !0 _ 10 4

/r------ 103

I ,o
PROTONS [p > 30 M[V.

I,'l(:l:]l_: 12 (;.--Ide_tlized diagram of the e:u'th's proton

radi:ltion belt (Vim Allen).
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tailed energy spectra are available at several

points in this region from the experiments of

Freden and W-hite (ref. ;/7, 38) and others (ref.

39) in one region, and Naugle and Kniffen (ref.
46) in another. In addition to these studies,

there is additional information on the very low

energy proton component. Bame, et al. (ref.

41) saw integral fluxes above 1 Mev of from

3× 105 particles/(cm_-sec-sr) depending upon

the position, but within two earth radii, and an

energ 7 spectrum from 2.7 to 7 M:ev that has

approximately the same slope as that observed

by Naugle and Kniffen at high energies.

Davis, et al. (ref. 42) see integral fluxes above

0.1 Mev. in excess of 10" protons/(cm"-sec-sr) at

about 6 earth radii. The spectrum is again very

steep and the flux is below 104 protons/(cm*-

sec-sr) above 0.5 Mev at this large distance from

the earth. These spectra are shown in figure

1`2-7. Finally, Freeman (ref. 43) has detected

a very intense flux of particles at altitudes from
900 to 1000 Kin. If these particles are assumed

to be protons and reasonable assumptions are
made about their energies, the results would in-

dicate a proton flux above 0.1 Mev in excess of

108 protons/(cm2-sec-sr).

Electrons

Much of the existing knowledge on the elec-

tron population of the Van Allen Belts comes

from the same satellite experiments referred to

earlier (ref. 44). The information on the elec-

tron population is summarized in figure 1'2-8

i0i -KNIFFEN

.... __: _. _ : :- :-±:;:::J NI_NET!CENERGY_M[V_] .....

FIt]URIc: 12-7.--Integral proton energy spectra at differ-

ent points in the Van Allen belts as measured by

several experimenters.
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FIC.(TaE 12-8.--Idealized diagram of the earth's electron

radiation belt (Van Allen).

(ref. 36). The flux of electrons with energies

greater than 1.6 Mev is known to reach a maxi-

mum at about 4 earth radii, and the electron

component is observed to extend out to about 15

earth radii at the equator. There is considerable

controversy over the absolute flux values and

the shape of the ener_- spectrum, due to the

difficulty of interpreting the experimental data ;

however, recent estimates give a flux of 5 x 10s

electrons/(em2-sec-sr) above 660 Key in the

region of highest intensity and 5 x 10 _ elec-

trons/(cm2-sec-sr) above about 40 Key.

There has been considerable speculation con-

cerning the origin and history of the particles in

the Van Allen Belts, (ref. 45) He_, Kellog,

(ref. 46), Lenchek, Singer (ref. 47), Vernov, et

al. (ref. 48), and others have considered the pos-

sibility of albedo neutron decay, where the neu-
trons are secondaries from the interactions of

galactic and solar cosmic rays in the atmos-

phere. There is reasonably good agreement be-

tween the flux and energy spectra of the proton

component in the inner part of the belt above

about 10 M:ev, but there are apparently many
serious disagreements, the most serious involves

the flux and energy spectrum of the electrons.
In order to explain the properties of the elec-

tron component, several theories related to

either direct injection or local acceleration by

high-frequency electromagnetic fields (ref. 46)

have been suggested. However, as yet, a de-

tailed quantitative explanation has not been
obtained.

CONCLUDING REMARKS

It, is clear that the field of investigation of

the charged particles and magnetic fields has

expanded explosively during the last five years

as a result of the availability of vehicles cap-

able of carrying detectors into space. This field

of endeavor is aimed at the direct investigation

of the basic questions of particle acceleration,

the generation of magnetic fields in the stars,

planets, and in space, and the motions of

matter and magnetic fields in space. The ulti-

mate outcome of this line of investigation should

be a better understanding of a large number

of broad cosmological questions, such as the de-

velopment and dynamics of galaxies, the distri-

bution of matter in the galaxies, and the physi-

cal processes occurring within and near the

stars and planets.
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Space astronomy has opened new windows to

the solar system and universe in the ultravio-

let, X-ray and gamma ray spectral regions.

Re,yarding, if brief, obserwttions have been

made in these radiations of the sun, stars, nebu-

lae, and the galaxy. A characteristic of these

results has been their wide divergence with

theoretical extrapolations of visible observa-

tions. A progwam of observations prog-ressing

from balloons and rockets through orbiting ob-

servatories is underway to supply the bulk of

data so necessary for astronomers. These rapid

strides in observing techniques presage a decade
of discovery.

Of all the fields of scientific endeavor astron-

omy has felt the greatest, impact from space

flight. Studies of the earth's upper atmosphere,

the moon, the planets, the sun, and interplan-

etary space, once the exclusive domain of the

ground based astronomer, qre now subject to in

situ study by physicists, biologists, geologists

and meteorologists. However, this recent in-

vasion has been mm,e than offset by the ability
of space technology to remove the bounds im-

posed by the earth's atmosphere.

Since the tun_ of the century rapid strides

ill large telescopes, fast emulsions, and photo-

electric techniques have found the astronomer

approaching limits imposed by the earth's at-

mosphere above his telescope. Even early in

this centut T astronomers were seeking high

nmuntains and balh)on flights in their struggle

with the earth's atmosphere. With the advent

of the sounding rocket and ()rbiting satellite, the

astronomer has available a technique to elimi-

nate the effects of the earth's atmosphere com-

pletely. Indeed, this breakthrough has been

hailed by some as the greatest since the inven-

tion of the telescope.

To understand the meaning of this enthusi-
asm let. us enumerate the limitations that the

earth's atmosphere imposes upon the astron-

omer's observations. The atmosphere is a tur-

bulent sea which distorts images of objects pho-

tographed or observed through it. This phe-

nomena, which was known to the ancients as the

twinkle of stars, limits optical resolution to one
second of arc.
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The advent of large telescopes and fast photo-

graphic emulsions has revealed another limit

set by the earth's atmosphere. This limit re-

sults from the airglow layer centered about 90

km above the earth. Its diffuse light sets a

background limit in the observation of faint

and distant objects. Faint emissions merge

into this background on long plate exposures

making them undetectahle.

The solar astronomer while limited by reso-

lution is also troubled with a third problem;

that of too much light. In the study of the solar

corona, the solar disk is optically occulted mak-

ing it possible to study the much fainter coronal

emissions. The limit here is set by direct solar

light scattered by the earth's atmosphere past

the occulting disk of the solar coronagraph.

Finally, a most important limit set by the

atmosphere is its limited transparency to elec-

tromagnetic radiation. In fact, the earth's at-

mosphere absorbs in more regions of the spec-

trum than it transmits. Most of our knowledge

of the universe has been supplied by observa-

tions in visible wavelengths with small exten-

sions inio tile ultraviolet and infrared regions
and in the radio and microwave bands. In the

infrared the constituents of the earth's atmos-

phere absorb in the very regions that we wish to

observe the phmets. Below 3000 Angstroms the

earth's atmosphere is completely opaque and

the far ultraviolet, lhe X-ray, and the gamma

ray regions are accessible only using space flight

techniques. The importance of this vast region
is derived from the fact that the emissions and

absorptions associated with the ground states

of the lighter elements, tile high excitation
states of the heavier elemeuts and many simple

molecules pins an array of nuclear and ener-

getic I)article reactions lie in this re,ion.

Thus, it is with the promise of escaping these

bounds that we find the astronomer willing to

enter the new era of space technology. It is

not without prohlems, however, for the astron-

omer, traditionally a lone worker, must deal

with a large engineering effort often involving

thousands of engineers and technicians. IIe

must develop remote observing techniques, and

develop telescopes and detectors for use in

radically different wavelength regions. Added

to these management and technical difficulties,

FIGD'RE 13-1.--The Aerobee 150A showing the location
of the Attitude Control System (ACS) components.

Telescopes of 12 inch aperture can be flown under a

rcmovt_ble nosecone. Observing times above the

atmosphere of 5 minutes are possible.

he must design his experimental set-up years

prior to its first use with no hope of an after-

the-fact adjustment that he did not design into

his equipment. Despite these difficulties, the

last decade has seen the orderly development of

an aggressive space astronomy program. An
essential element has been an ever increasing

capability of rocket and satellite systems to

carry the astronomer's telescopes above tile at-

mosphere and point them at celestial objects.

Figure 13-1 shows the Aerobee rocket, the

work horse of the early program and, with its

recent pointing capability still the main stay
of our observing program. In the early experi-

ments, beginning in 1955, observations were ob-

tained by small telescopes oriented to the long

axis of the spin stabilized Aerobee. The spin

and precessional motion of the rocket in free

flight above the atmosphere scanned the tele-

scopes across both the sky and the earth. From

the optical and magnetic aspect sensors aboard

the rocket, the pointing direction of each tele-

scope for each instant of the flight was deter-
mined. This data in turn was correlated with

the signals obtained from the stars and nehular

objects as telemetered from the rocket. The
astronomer had little or no control over what

he would see, but this remains a very fruitful

technique for the discovery phase of an observ-

ing program. The Aerobee has recently been

supplied with an inertial attitude conirol sys-

tem which has the capability of pointing the

rocket and its payload to five prese]ected celes-
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FIGUaE 13-2.--Explorer XI launched April 27, 1961

showing the gamma ray telescope attached to the last

stage rocket. This configuration yielded a slow scan-

ning motion as the spacecraft progressed from a pure

spinning motion to an end over end tumble.

tial directions with an accuracy of lt/_ degrees.

For some applications, such as wide angle pho-

tographs or self guiding telescopes, this ac-

curacy is sufficient. Foi: other applications, this

accurancy enables us to acquire optically the

celestial objects to be studied by an error sen-

sor. These error signals in turn actuate the

serve-controls to reduce the pointing error to
less than one minute of arc.

The spinning and scanning technique has
been extended to satellites where more time is

availablu to survey the sky. Explorer XI (fig-

ure 13-9) launched in April 1961 is an example

of such a satellite. 1 In this case a gamma ray

telescope was pointed along the long axis of the
satellite. The satellite was caused to tumble

end over end to scan at a slow rate. The mag-
netic moment of the satellite interacted with

the earth's magnetic field and precessed the

spin axis over the sky several times during the
life of the satellite.

A more advanced observing technique com-

bining both a scanning and pointing capability

is provided by the Orbiting Solar Observatory

(OSO) (figure 13-3) first flown in March of

this year. 2 The OSO uses the gyroscopic prop-

erties of a spinning bocly for stability. The

satellite has two main sections. The top part,

containing two pointed experiments and a solar
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FIGURE 13--3.--The Orbiting Solar Observatory (OSO-

1) launched March 7, 1962. This spacecraft pointed

75 pounds of instruments at the sun with an accuracy

of 1 minute of arc. An additional 100 pounds of

experiment were carried in the spinning wheel sec-
tion which swept across the sun once every 2 seconds.

power supply is connected to the lower, wheel-

like structure, by an axle. The pointed instru-
ments are centered on the solar disk to within

one arc minute, by counter-rotating the axle

and precessing the spinning wheel with gas jets.

Future versions of this system will incorporate

finer pointing which will not be restricted to the
center of the solar disk. The wheel of this

satellite also contains experiments which scan

the sky in a known fashion in relation to the

sun. This payload space is useful both where it
is desired to scan near the sun and where it is

imperative that the experiment never sees the

sun.

Finally, we consider our most difficult prob-

lem; that of pointing the telescope in orbit to

an arbitrary direction on tlle celestial sphere.

Such a device, the Orbiting Astronomical Ob-

servatory (OAO) figure 13-_, is under current

development and OAO No. 1 is scheduled to be

flown in 19642 'Up to now we have considered

systems of short duration where inertial guid-

ance is sufficient or where the observed object,

i.e. the sun, can be uniquely identified. It is

with the OAO that we are attempting our first

celestial guidance system. The heart of tile sys-

tem is six small serve controlled telescopes

oriented geometrically around the satellite.

At all times during its orbital flight at least
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1957 to an experiment done on NRL Aerobee

31. 4 This experiment utilized the scanning

technique described e a r 1 i e r. Figure 13-5

shows the telemeter trace of one of the photom-

eter "telescopes" flown on this flight. The

"telescope" in this case was a 1/_" diameter
bundle of small tubes mounted in front of a

photon counter sensitive to radiation in the

spectral region 1225 to 1350 Angstroms. The

successive telemetering traces a through d show

the signals obtained as the three degree field of

view of the telescope swept the sky. The Re-

gion 1 is the constellation Orion and the Region

l_'xovaE 13--4.--The Orbiting Astronomical Observatory

(OAO-1) scheduled to be launched late in 1964.

Telescopes weighing up to 1000 pounds can be ac-

commodated in a 40 inch dianieter tube running the

length of the spacecraft.

three of these telescopes are locked on specific

stars. The switching of reference stars and

the conversion of ground commands into the

pointing motions of the satellite is too compli-
cated to describe here in detail. It suffices to

say that this system is designed to point the

experimental telescope, to within one minute of

arc, in the direction desired by the observer on

the ground. At last we will have a remote

observatory above the atmosphere under the

control of a ground observer. The astronomer,

within the limits of his telescope, will be able

to modify his observing program to take ad-

vantage of current data. The one minute of

arc guidance scarcely excites an astronomer but

it does whet his appetite. Starting with OAO

No. 2, the _tronomer can feed pointing error

signals generated within his telescope system

to the spacecraft to increase the pointing ac-

curacy to one second of arc. This is not the

limit and, indeed, the experiment in OAO No. 3

is being designed for 0.1 second of arc guidance.

The OAO's promise to be prodigious pro-
ducers of data, for here the astronomer knows

no days, no cloudy nights, no light of the moon,
and even no vacations.

By this time the question must arise that

with all this potential is nature going to be

kind and provide us with interesting data?

To answer this question we go back to March '28,

i T_ET_ TtAC[ TUBEN0. I9 [1225-13_

_N I 3 4

I

PZ_URE 13-5.--Telemeter trace of a photon counter rate

meter flown on March 28, 1957. Due to the preces-

sional motion of the rocket each successive trace

covers a different part of the sky. These data first
revealed the extended nature of ultraviolet sources.
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The heavy smooth curve indicates the horizon.

Trace d of Figure 5 scans from right to left about 10

degrees south of the celestial equator.
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though Spica and a number of other stars were

scanned by the detectors, no point sources were

observed. Succeeding rocket observations in
1960 continued to indicate measured fluxes in

the far ultraviolet approximately an order of

magnitude less than predicted by theory. 5, e
On the other hand results obtained at 2700

Angstroms by Boggess and Dunkelman _ indi-

cated no apparent discrepancies in other stars

for longer wavelengths.

The answer to this tantalizing mystery came

from an experiment by Stecher and Milligan 8

4_ | using again the scanning and precessing rocket.
They devised an instrument, shown schemati-

cally in figure 13-9_ to simultaneously scan the

sky and record ultraviolet spectra of the stars

entering the field of view of the telescope.

This experiment was flown on November 22,

" 1960 and obtained ultraviolet spectra of 15 stars

in the region 1600 to 4000 Angstroms. The
--- telemeter traces of several of the stars observed

are shown in figure 13-10. In figure 13-11 the

spectra of a Carinae, a Fo star, is shown to be in

(_) good agreement with theoretical predictions.

"- This agreement for a star not much hotter than
the sun lends confidence to the remainder of the

observations. Every other star observed was

of earlier type and was found to be deficient in

t_m_Yag 13-7.--Isophotes of Orion nebulosity at 1225-

1350 A. Even though many early type stars were

scanned in this region no point sources could be

identified.

ISDPHOTESOF NEBULA AROUNDo_VIRGINIS. VALUESOF
SURFACEBRI__GHTNESSIN UNITS OF 10 ergs-4/cmZ_sec.

14 _ 13 _
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l_(_uaE 13--8.--Isophotes of Spica nebulosity at 1225-
1350 A. The cross indicates the location of the star.

This and other data reveal the nebula to emit more

radiation in this wavelength region than the star.

6 is centered about the star Spicu (_ Virginis).

These data plus that from three other telescopes

has been plotted in the form of a sky map in

figure 13-6. Figures 13-7 and 13-8 show the

detailed isophotes of the Orion and a Virginis
nebulosities. The existence of these nebulosities

and in particular the one around Spica was un-
expected. The fact that there is no indication

of any nebulosity at visible wavelengths and

that the integrated intensity of the nebula was

roughly that expected from the star itself has

posed a mystery that remains to this day.

However, an equally significant and puzzling

point was noticed in these observations. Even

I
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l_avaz 13-9.--Schematic of the objective grating

spectrophotometer flown by T. P. Stecher and J. E.

Millignn on November 22, 1960. The spin axis of the

rocket is perpendicular to the plane of the drawing.

Parallel stellar light enters the instrument through

the baffle. The rotation of the rocket scans the

spectrum across the slit. The resulting spectrum

appears as a time modulated signal from the

photomultiplier.
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PIGURE 13-]0.--Typical spectra obtained with instmz-

ment of figure 13-9.

2O

_Z_¢'RE 13-11.--The ultraviolet spectrum of = Carlnae.

The solid curve is the observed flux and the dashed

curve is theoretical prediction.
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flux below "2400 Angstroms from that predicted

from model atmospheres. The extent of the

disagreement is typically illustrated in figure

13-1'2 by the observation and theoretical predic-

tion for _ Cants Majoris. Stecher and Milligan

conclude that this disagreement with theory can
be resolved by the inclusion of an additional

source of opacity due to quasi molecular absorp-

tion in the stellar atmosphere. A comparison

of stars with the same classification (e Canis

Majoris, B1 II and fl Canis Majoris B1 II)

show spectral differences below 2400 Angstroms

again emphasizing the disagreement with ex-

trapolations from ground based data.

It should be noted that with this experiment

we have tied together for the first time in a

consistent picture a series of observations by

different observers using different techniques of

the stelar fluxes from 1225 to 3000 Angstroms.

Below 2400 Angstroms and extending at least

to the Lyman a line near 1216 Angstroms the

fluxes of early type stars are substantially less
than predicted, with the differences between

stars unexplained by current stellar classifica-

tions. This is admittedly an incomplete pic-
ture lacking much in resolution and statistical

coverage but it marks the beginning of an

orderly observation program.

This story concerning one sequence of data

can be used to stimulate a little speculation into

the future. The single characteristic that

stands out is that we have been surprised by

every experiment that we have performed.

This is due to the hazard of theoretical pre-

dictions in areas where no experimental evi-

dence exists. It shows the beginnings of a

young and promising field. Based on the one

train of data, a partial list of problems to be

solved emerges; the need to extend the stellar

classifications to include the ultraviolet region,
develop new stellar models to account for the

ultraviolet deficiency, determine the reddening

laws of the far ultraviolet, and assess the impli-
cations of the revised radiation field of inter-

stellar space.

There are a number of questions still un-

l_oroa_ 13-12.--The ultraviolet spectrum e Canis answered as to emission mechanisms and energy
Majoris. The solid curve is the observed flux and sources for ultraviolet nebulosities. These

the dashed curve is theoretical prediction. The gap problems are as yet undetermined experi-
in the observation is due to tim interference of a zero

order signal of a Canis Majoris. mentally and more observations are needed both
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in the form of surveys and observation pro-

grams devoted to specific problems.

It appears that the greatest impact on space

astronomy will be its feedback to ground based

astronomy and astrophysics. New detectors,

remote observing techniques, and advanced elec-

tronic instrmnentatiou will be applicable to

most ground observing programs. New obser-
vations in the ultraviolet and X-ray regions in

turn stimulate the need for theoretical and

laboratory determinations of cross sections and
F values. The need for ultraviolet and X-ray

optics is stimulating research in the optical and

solid state properties of materials which has al-

ready resulted in breakthroughs in optical coat-

ings, metal mirrors, and ultraviolet photoemit-

ters. Finally the increased emergence of

astronomy in the public eye will stimulate a

greater number of promising young students

into considering astronomy as a career.
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The effects of solar radiation on the earth's

atmosphere are indeed profound and far reach-
ing. Indirectly, through heating of the earth's
surface and the resultant transfer of the thermal

energy to the air_ the lower atmosphere to alti-
tudes of, say, 30 km is continuously agitated,
circulated, and mixed. Thus the relative con-
centrations of the various constituents, nitrogen_
oxygen_ argon_ carbon d_oxide, and the lesser

gases, are fixed. The mixing process is aided
by the relatively high density of the gases be-
cause of the frequency with which the various

gas particles collide and thus transfer energy_
particle to particle. In the region around 50

km_ ultraviolet energy is absorbed strongly by
ozone, heating this region very effectively and

helping to extend the mixing process to high
altitudes. Figure 14-1 illustrates a _ypical

temperature curve and indicates regions of max-
imum energy absorption.

At altitudes greater than about 100 km how-
ever--and this value must be considered very

approximate--the mixing process is no longer
preponderant, and Dalton's law holds, increas-

ingly with altitude. Thus, from this level up-

ward, the various gases tend to %ettle out" or

"separate" according to their masses. Since
the heavier gases will be concentrated at the

lower altitudes, this concept of separation can
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1_6_ 14-1.--Typical atmospheric temperature curve

showing impinging solar radiation.

be expressed in terms of the parameter: mean
molecular weight. The value of this descrip-
tive parameter in the atmosphere is thus ob-
served to be constant at the familiar value of

28.96 up to an altitude of about 100 kin, signi-

fying fully mixed air, where it begins to de-

crease, reaching much lower values at greater
altitudes. At the greater altitudes the lighter

components helium and then hydrogen are most

prominent; thus the mean molecular weight
may be observed to decrease to a value of ap-
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FZGtraF, 14-2._ravitational separation of atmospheric

gases and mean molecular weight.

proximately 1, denoting hydrogen and ignoring
the electron as a constLtuent. Figure 14-2 illus-

trates these phenomena in a conceptual manner.

Other phenomena are observed which also

are of great consequence in atmospheric process
considerations. Molecular gases are dissociated

and ionized, and new gases are formed begin-

ning in the 80-100 km region and above, pro-

riding an important ener_- D" sink and at the

s.une time establishing the ionosphere.

The general atmospheric processes discussed

here are characteristic of an equilibrium situa-
tion between solar infrared and other radiation

absorbed directly or indirectly by the atlnos-

pheric gases, and gravitational forces acting on

the atmospheric gases.

A ,detailed description of all atmospheric

processes including dissociation, ionization,

recombination, and other aspects including

temperature, density, Composition, and winds

would be correctly described as the physics

and chemistry of the atmosphere or, more ap-

propriately, aeronomy, a name recently pro-

posed by Professor Sidney Chapman, a re-

nowned scientist off the upper atmosphere.
In research in aeronomy conducted to date,

experimentation has been directed mostly to-

ward a determination of (a) the composition

of neutral and ion constituents, (b) tempera-

lure, (c) the density, and (d) the radiation of

solar origin absorbed, reradiated, and con-

ducted by the tenuous atmosphere. Theoretical

studies have also been devoted to the_. aspects

S-8 OBJECTIVES

IONIZATION& OISSOCIAIION

- _ b ENERGY e -

t_ eo_ ---'-----_0°'°+'°'+-

IN_$. DAY-NIOHT-SEASONAL-LATtTUDE-SOLARACTlYffY

FmVRE 14-3.--Representation of atmospheric chem-

istry processes.

but in addition have emphasized energy ex-

change processes, the knowledge of which is
fimdamental to an understanding of atmd_-

pheric processes. Attention has been _ven to

the problem of the escape of hydrogen and

helium as part of the composition studies.

These subjects are all interrelated; they lead to

controversial theories; and they emphasize the

need for better information regarding diffusion

rate coefficients, cross sections, absorption eo-

eMcienls, and reaction coefficients. Figure 14-3

represents the gross particle situation. Dia-
grammatically, processes from left to right re-

sult from solar energy input, while processes

from right to left show the relaxation or reeom-

hination process that predominates when the

solar input is removed.

The atmosphere, at least in its gross aspects,

seems reasonably well understood above 150-

200 kin. Exl)erimen|a] data pertaining to this
region have been obtained ahnost exclusively

by studying satellite orbit decay. Results have
shown strong fluctuations to be coupled with

solar activity as measured, for example, by the
flux of radiation in the 10 cm band.

Direct sampling of atmospheric constituents

has also been accomplished through use of a

few rockets and satellites. Sputnik III_ the

first Russian carrier for aeronomy experiments,

provided crude indications of ion composition,

gas density, and ion density. Explorer VIII,

an American satellite provided, through ion

energy measurements, a first direct indication

4O
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FIGURE 14_t.--Photogral)h of telemetry record showing

direct detection of He* and H ÷.

FrG(TRE 14-ri.--Drawing of the S 6 aeronomy
satellite.

of the presence of helium, making possible a cor-
relation with similar indications from satellite

drag measurements. A rocket flight accom-

plished about one year ago made for the first

time, direct measurements and thus positive

identification of helium and hydrogen ions, us-

ing an ion mass spectrometer. Figure 14-4 is a

photograph of a portion of the recorded telem-

etry signal from this flight. The two peaks ob-

served represent current resulting from the

collection of the helium and hydrogen ions.
Me'lsurements of the diurnal variations of

neutral particle density have been made with

an instrument carried by a Discoverer satellite.
Indications showed a factor-of-four variation

comparing density on the daytime side of the

earth to the nighttime side. This COllfir'n]s the

fact, first detected from satellite drag measure-

ments, that the earth's atmosphere bulges on
the sunlit side as a result of atmospheric

heating.
It should be noted here that all the measure-

merits discussed have been made within about

the past four years, showing that our knowledge

of the aeronomy of the high altitude re_ons is

quite recent, is certainly not far reaching, and

is possibly wrong in several respects.
A new experimental attempt, on which we are

working very hard, and which we hope will

give us new and more precise information, in-

volves a specialized aeronomy satellite.

It will provide for fundamental measure-

ments of atmospheric density, temperature,
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pressure, composition, ion density, electron den-

sity, .rod electron temperature. Figure 14-5 is

line drawing of the satellite which illustrates

the various components. The satellite, having

a spherical shape and being vacuum tight, is

desigued to minimize contamination of the local

atmosphere and thus permit as precise meas-

urements by the sensors as the technology

permits. Th.is satellite will cover the altitude

range of 250 to 1000 km and extend in lati-

tude to within several degrees of the arctic and

antarctic regions.
The mass spectrometer, a primary sensor sys-

tem of the satellite, developed for compositioD

measurements, is an example of the most effec-

tive means we know for determining by direct
particle detection the relative concentration of

helium, atomic nitrogen, atomic oxygen,

molecular nitrogen, and molecular oxygen

throughout the satellite's orbit.

The composition measurement problem is

complex, requiring (a) that one obtain an un-

contaminated atmospheric sample while the

satellite is moving at a velocity of al)out 5 miles

per second, (b) the measurement of the con-

centration of each constituent of tim s.mH)le , and

(c) the interl)retation of the measurement in

terms of ambient densities. Complicating fac-

tors are the large dynamic range of part icle con-

centration the instrmnent must accept through-

out the orbit, and the possible alteration of a

sample by the presence of a hot cathode--or

other metallic or catalytic surfaces that nmst



GEOPHYSICS AND ASTRONOMY

be there. Although this specific reference is

made to problems of mass spectrometry, simi-

lar constraints are encountered in conducting

any experiment that samples, in effect, the at-

mospheric gas. Figure 14-6 is a diagram that

illustrates the basic particle movements in a

magnetic spectrometer.

Ill addition to the aeronomy satellite the Or-

biting Geophysical Observatory (OGO) series,

in which several universities are ah_ady par-

ticipating by conducting scientific experiments,

will also provide opportunities for Aeronomy

research. The EOGO (EO signifying eccentric

orbit) and POGO (PO signifying polar orbit)

wi!l, in contrast to the aeronomy Satellite, cover

the entire globe, extending studies into the polar

regions. Figure 14-7 is a drawing of an OGO
satellite.

÷ 4_ov

lvmtraB 14--6.--Sehematic diagram of particle move-

ments in a magnetic mass spectrometer.

FIaVaz 14-7.--OGO satellite in orbit.

All satellites, because of their high orbital

velocity, enable primarily horizontally oriented

investigations of an aeronomy nature. Rocket

launched experiments, on the other hand, per-

mit the experimenter to obtain a vertical profile

of the atmosphere at specific locations.

Several hundred launchings have been con-

ducted during the past 16 years, many devoted
to aeronomy.

Two new projects underway at the Goddard

Space Flight Center provide unique examples

of the kinds of aeronomy experiments now

needed for continuing and productive atmos-

pheric exploration. As in satellite experi-

ments such as OGO where several experiments

of different disciplines enabling direct correla-

tion of results can be conducted sinmltaneously,

the "Geoprobe" series will enable multiple ex-

periments in aeronomy. These launchings will
initially provide data to several hundred kilo-

meters, agd somewhat later to a few thousand.

Measurements will include neutral particle and

ion composition; neutral particle, ion, and elec-

tron density and temperature. These data will

provide better insight into the separation

(layering) of ions and neutral particles and will

enable a better understanding of how solar

ultraviolet energy is dissipated in atmospheric

heating.

The Geoprobes will be concerned principally

with the region above _o00 300 km. For lower

altitudes the TP (standing for "thermosphere

probe") has been conceived. This lower alti-

tude region is characterized by a high tempera-
ture gradient and by transition from a mixed,

un-ionized :ltmosphere to a region of maximum

charge density. Molecular oxygen is dissoci-

ated here and gaseous diffusion and conduction

play controlling roles in establishing the equi-

librium state. Gases can be considered singly

and in hydrostatic equilibrium. The re#on

cannot, in general, be probed by satellites; thus

the geographical extent of one's knowledge is

limited and will not be so easily attained.

Figure 14-8 shows some characteristics of

the region to be studied by the "TP." The elec-

tron temperature, believed to be particularly

sensitive to solar conditions, is the parameter

illustrated under differing conditions.

The experimental device being prepared will

42
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FIGURE 14-8.--Electron temperature characteristics of

the ionosphere.

carry different combinations of instruments in
a configuration that will be ejected from its
launching rocket at about 80 kin, where aero-
dynamic effects become insignificant in regard
to the device's motion. For the first launching,
the objective is to perform simultaneous in-
dependent measurements of the temperature of
molecular nitrogen molecules, and electrons, in
order to provide better data concerning the ther-
mal equilibrium question. Later TP experi-
ments will be devoted to neutral particle density
and composition, and other aeronomy param-
eters, as have been discussed.

A review of aeronomy experiments, studies,
and data interpretation problems will reveal
the need for a better understanding of per-
tinent fundamental factors, considerations, and
constants. Many of these items pose chal-
lenging problems for the critical and com-
petent scientist. While many can be con-
sidered instrumental or technological in nature,
most require, for advancement of our knowl-
edge, recourse to very fundamental considera-

tions of the physics and chemistry of gases and
solids.

To conclude this report on aeronomy research
on a note of challenge, the following listings
have been drawn up to illustrate those areas
where more research will permit si_fificant
fund:mmntal advances in our understanding of
l)lanetary atmospheres. The listing is also
intended to provide an indication of existing

|.hallenging topics for university scientists and
students. Each item abounds in research and

thesis content, and thus is suggested as one
means of bringing about more extensive partici-
pation of the academic community in the
nation's space exploration effort.

In specific reference to the measurement

techniques, better solutions to the following
problems are needed :

1. Attainment of a true ambient sample.
2. Interpret.ltion of measured values of

atmosl)heric saml)]es in terms of true
a]nl)ient con(litions.

3. Conversion of small currents to useful

signals (e.g., 10 -27 _mperes to a 5 volt
signal).

4. Development of improved sensors .(how
one can measure pressures as low as 10-_'_
mm Hg).

5. Reliability of sensor equipment.
(;. Absolute measurement of ultra-high

vacuum (to 10-_'_ mm Itg or 10 particles
per cm'_).

7. Generation of known and controllable

beams of neutral particles (e.g., a beam of
selected neutral particles of controllable
velocity).

In regard to physical constants, the following
are needed :

1. Better knowledge of gas reaction co-
efficients.

'2. Better knowledge of absorption cross
sections.

3. Better knowledge of gas/solid reaction
coefficients.
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